Accumulating evidence suggests that dysfunction of the amygdala is related to abnormal fear processing, anxiety, and social behaviors noted in autistic spectrum disorders (ASDs). In addition, studies have shown that disrupted brain serotonin homeostasis is linked to ASD. With a valproate (VPA)-induced rat ASD model, we investigated the possible role of amygdala serotonin homeostasis in autistic phenotypes and further explored the underlying mechanism. We first discovered that the distribution of tryptophan hydroxylase immunoreactivity in the caudal raphe system was modulated on postnatal day (PD) 28 of the VPA-exposed offspring. Then, we found a significantly higher serotonin transporter availability in the amygdala of the VPA-exposed offspring on PD 56 by using single photon emission computed tomography and computed tomography co-registration following injection of 123 I-labeled 2-((2-(dimethylamino) methyl)phenyl)thio)-5-iodophenylamine( 123 I[ADAM]). Furthermore, treatment with 8-hydroxy-2-(di-npropylamino)tetralin (8-OH-DPAT), a 5-HT 1A receptor agonist, increased social interaction and improved fear memory extinction in the VPA-exposed offspring. 8-OH-DPAT treatment also reversed the characteristics of miniature excitatory post-synaptic currents as well as paired pulse facilitation observed in lateral amygdala slices. These results provided further evidence to support the role of the amygdala in characteristic behavioral changes in the rat ASD model. The serotonergic projections that modulate the amygdala function might play a certain role in the development and treatment of behavioral symptoms exhibited in individuals with ASD.
Introduction
In recent years there has been particular interest in the role of the amygdala in the development of autistic spectrum disorders (ASDs) (Hampton et al., 2007; Tsuchiya et al., 2008; Adolphs, 2009; Kennedy et al., 2009) . Altered amygdala activation in response to facial and emotion processing has been noted in individuals with ASD (Wang et al., 2004; Dalton et al., 2005; Hadjikhani et al., 2007) . In addition, post-mortem studies of individuals with ASD have shown cyto-architectural and neuronal organization changes within the amygdala (Bailey et al., 1998; Schumann and Amaral, 2006) . Structural magnetic resonance imaging studies have also demonstrated abnormal amygdala volumes in ASD (Aylward et al., 1999; Rojas et al., 2004; Nacewicz et al., 2006) . Taken together, these results suggested that amygdala dysfunction may contribute to core social impairment in ASD (Todd and Anderson, 2009 ).
The amygdala is innervated richly by serotonin (5-HT)-containing fibers (O' Rourke and Fudge, 2006) . The 5-HT input from the dorsal raphe could modulate the lateral amygdala (LA) presynaptic balance through either a direct inhibitory effect on excitatory neurons or an activation effect on GABAergic neurons (Stutzmann and LeDoux, 1999) . Specifically, the effect of 5-HT to inhibit the excitability of LA could be achieved through its binding with the 5-HT 1A receptor (Cheng et al., 1998) . In humans, 5-HT has been considered a neurochemical biomarker for ASD (Hammock et al., 2012) . Though direct evidence linking 5-HT and autism remains scarce, the levels of peripheral 5-HT have been shown to be significantly different between autistic and normal subjects (Minderaa et al., 1987; Cook et al., 1988) . Contributions of 5-HT to social learning of fear and facial emotion processing in ASD have been observed (Cook et al., 1992; McDougle et al., 1993; Crisan et al., 2009; Daly et al., 2012) . In addition, both human genetic and imaging studies have demonstrated significant associations between the genotype of serotonin transporter (SERT) and ASD (Wassink et al., 2007; Endo et al., 2010) . A genetic model of autism has also been established by manipulating the 5-HT system (Jones et al., 2010; Kalueff et al., 2010) .
The disruption of amygdala excitatory/inhibitory balance has recently been considered as one cause of autistic phenotypes in ASD (Marin, 2012) . In the valproate (VPA)-induced rat model of ASD, behavior and electrophysiology tests have shown changes in amygdala activity (Markram et al., 2008) . Our previous study has also shown that long-term potentiation (LTP) in the LA was significantly enhanced at the thalamic-amygdala synapses in VPA-exposed rats (Lin et al., 2013) . Here, we aim to investigate the status of amygdala 5-HT homeostasis and its possible link with autistic phenotypes in a VPA-induced rat ASD model.
Method

Valproate-induced model of autism
All procedures were approved by the Institutional Animal Care and Use Committee of the College of Medicine, National Cheng-Kung University (Taiwan). Sprague-Dawley rats were housed four to a cage in a temperature-controlled (24°C) animal colony under a 12-h light/dark cycle, with lights on at 07:00 hours.
All behavioral procedures took place during the light cycle. Rats were mated, with pregnancy determined by the presence of a vaginal plug on embryonic day 1 (ED 1). The sodium salt of valproic acid (NaVPA, Sigma-Aldrich, USA) was dissolved in 0.9% saline to obtain a concentration of 150 mg/ml, pH 7.3. The dosing volume was 3.3 ml/kg, with the dosage adjusted according to the body weight of the dam on the day of injection. Exposed dams received a single intraperitoneal injection of 500 mg/kg NaVPA and control dams a single injection of saline on ED12.5. Dams were housed individually and were allowed to raise their own litters until weaning. The offspring were then separated and housed in cages of 3-4 rats until the behavioral experiments.
Tryptophan hydroxylase (TPH) immunohistochemistry
Tissue processing
At the end of behavioral testing the animals were sacrificed. Four to six animals of different litter origins from each group (control and VPA-exposed dams) were sacrificed on postnatal day (PD) 28. Each animal was deeply anesthetized with choralhydrate (7%), and perfused through the ascending aorta with phosphatebuffered saline (PBS, 0.9% NaCl in 50 mM phosphate buffer, pH 7.3), followed by a paraformaldehydelysine-periodate fixative (McLean and Nakane, 1974) with a concentration of 2% paraformaldehyde. The whole brain was dissected out and post-fixed with the same fixative for another 3 h, followed by graded sucrose of 5, 15, and 30% in 0.1 M PB and stored at 4°C. Coronal sections were cut at a thickness of 20 μm on a cryostat (Leica CM 1850, Germany), collected on a silane-coated slide (S3003; Dako, USA), and stored at −80°C until immunohistochemistry was performed.
Immunohistochemistry
The brain sections were pretreated with 0.1% sodium borohydride in PBS for 30 min, rinsed with distilled water, then incubated for 30 min with 1% H 2 O 2 to remove any possible endogenous peroxidase. After washing with PBS, sections were treated for 2 h with blocking buffer (PBS with 5% normal goat serum and 0.1% Triton X-100 prior to incubation in mouse anti-TPH antiserum (1:500, T0678; Sigma-Aldrich) for 48 h at 4°C. Peroxidase goat anti-mouse antibody (1:200; Jackson ImmunoResearch, USA) was used as the secondary antibody for 4 h at room temperature. After rinsing twice with PBS and once with 0.1 M ammonium phosphate buffer, pH 7.0, immunoreactivity was detected with 3,3′-diaminobenzidine (DAB, K3468, Dako Company, Japan). Sections were finally Nissl stained with 0.05% thionin (SigmaAldrich) and examined under a light microscope (Nikon Eclipse E600).
Cell counting
Sections every 160 μm at the level of the dorsal raphe nucleus (DRN, Bregma −7.04 to −8.8 mm) and the raphe magnus nucleus (RMN, Bregma −9.8 to 11.30 mm) were identified by comparison with a stereotaxic rat brain atlas (Paxinos and Watson, 1998) and observed using a Nikon Eclipse E600 microscope and a Nikon DS-Fi1c digital camera linked to a computer with NIS elements 3.2 imaging software. The populations of TPH-immunoreactive (TPH-ir) neurons in the DRN and RMN were manually counted.
Single photon emission computed tomography (SPECT)
The 8-wk-old male VPA-exposed offspring and controls were scanned using a double-headed micro-SPECT system equipped with pinhole collimators at the Institute of Nuclear Energy Research (INER, Taiwan) (Hwang et al., 2007 (Choi et al., 2000; Koch et al., 2007) . To minimize the uptake of radioactive iodine in the thyroid gland, each rat was orally treated with 3.4 nmol of potassium iodine 1 h before radioligand injection. In brief, images of the trans-axial section of the rat brain SPECT acquisitions were obtained using a double-head gamma camera with a built-in computed tomography (CT) component (X-SPECT, Gamma Medica, USA) equipped with a low-energy pinhole collimator (focal length 90.0 mm, aperture diameter 2.0 mm Following the SPECT scan, the rat was imaged with X-ray CT at a current of 0.5 mA and voltage of 50 kVp. Tomograms of SPECT were reconstructed by means of a filtered back-projection algorithm and a Butterworth filter (order of 4; cut-off frequency of 0.5 cm
−1
). Co-registration of the CT and SPECT images was performed using a built-in spatial transformation. After registration, both the SPECT and the CT tomograms had 256 × 256 × 256 voxels in an isotropic 0.3 mm voxel size. An in-house program was applied for image-format transformation, and then the SPECT/CT fused images were displayed and analyzed using Reveal MVS (CTI Mirada Solutions, UK). Regions of interests (ROIs) were drawn and defined on the integral images. The mean voxel intensities within ROIs of the SPECT image were calculated. The specific binding ratio (SBR) in the amygdala, corresponding to approximately Bregma −2.8 mm (Paxinos and Watson, 1998) , was defined as the mean voxel intensity in the amygdala minus that in the cerebellum (Bregma −11.96 mm) divided by the mean voxel intensity in the cerebellum [SBR=(amygdala−cerebellum)/ cerebellum]. No correction of attenuation and scatter was performed on these image data.
Behavioral testing
On PD 28-35, the male offspring were tested for social interaction for 1 d. The next day the same offspring received either the fear conditioning test or were sacrificed for TPH immunohistochemistry or electrophysiological recordings. Video tracking software (Ethovision, The Netherlands) was used for automatic recording and analysis in social interaction.
Social interaction
Rats were separated and housed individually the night before the experiment. The apparatus was a white plastic box (50 × 40 × 40 cm). Rats were matched in terms of age, gender, and weight. After a 60-min habituation period in the room, one VPA-exposed and one control rat were placed into the apparatus for a period of 20 min. The percentage of time spent following, mounting, grooming each other, and sniffing of any body part were taken as indicators of social engagement (Flagstad et al., 2004) .
Fear conditioning
Fear conditioning occurred in a 32 × 26 × 26 cm operant chamber (Med Associates, USA). The shock floor consisting of stainless-steel rods was wired to a shock generator for foot shock delivery. The house light provided illumination during all sessions. All were controlled by FreezeScan software (Clever Systems, USA). The chamber was cleaned with 75% ethanol before each rat was trained or tested for contextual fear conditioning. On the first day of training, the rats were transported in their home cage to a behavioral room. After a 60-min habituation period in the room, the rats were placed in the training chamber for 180 s. After the acclimation period, the rats were presented with a pure tone (15 s, 1 kHz, 80 dB) that coterminated with a foot shock (1 s, 0.8 mA). This tone-foot shock pairing procedure was repeated three times, with an inter-trial interval of 60 s. After the last tone-foot shock delivery, the rats were allowed to explore the context for 2 min before removal from the chamber. At 24 h after training, the rats were returned to the training chamber for 5 min without exposure to the tone or the foot shock as a contextual fear test. At the end of the contextual test, the rats were returned to their home cage. Approximately 1 h later, the rats were placed in a novel context (an opaque Plexiglas box) for a 180 s baseline period, followed by a pure tone (15 s, 1 kHz, 80 dB) repeated ten times with an inter-trial interval of 30 s to assess the extinction of fear conditioning for a total of 2 d. For the extinction (see Fig. 4b below), each point is the mean of two pure tone exposures at test. The grid floor was replaced with a smooth Plexiglas floor and the chamber was cleaned with 1% acetic acid before each rat was tested. Freezing was defined as the absence of any movement except respiration and was measured automatically using FreezeScan software.
Previous work demonstrated that 5-HT could inhibit the excitability of the amygdala through its effect on the 5-HT 1A receptor (Cheng et al., 1998) . 8-Hydroxy-2-(di-n-propylamino)tetralin (8-OH-DPAT; Sigma-Aldrich) was dissolved in 0.9% normal saline and injected intraperitoneally daily into the VPAexposed offspring (0.5 mg/d.kg body weight) from 7 d before the behavioral test.
Brain slice preparation and electrophysiological recordings of the amygdala Brain slices were prepared as described previously (Lin et al., 2011) . Whole-cell recordings were made from the soma of visually identified pyramidal-like neurons located in the LA. Neurons were identified as projection neurons based on their morphology in caesium methanesulfonate-containing electrodes. In potassium gluconate-containing electrodes, these neurons were also identified by their intrinsic electrophysiological properties (Washburn and Moises, 1992) . The miniature excitatory postsynaptic currents (mEPSCs) were recorded in the presence of bicuculline (10 μM) and tetrodotoxin (TTX, 5 M; Tocris). We also analyzed the paired pulse facilitation (PPF) in slices from salineexposed (saline), VPA-exposed (VPA), VPA-exposed with saline (VPA/vehicle) or VPA-exposed with 8-OH-DPAT (VPA/8-OH-DPAT) offspring. The ratio of the amplitude of the second EPSC to the amplitude of the first EPSC was examined at 30 s, 60 s and 150 ms interpulse intervals.
Statistical analysis
We analyzed the data using the statistical package for social sciences SPSS v.12 (SPSS Inc., USA). Categorical variables were expressed in numbers and percentages, and continuous variables as the mean ± S.D. unless otherwise specified. The variables were assessed using the χ 2 test, Student's t test, and one-way ANOVA. We used the Wilcoxon Rank Sum test or the Kruskal-Wallis test for continuous variables. The difference between groups was considered significant if the p value <0.05.
Results
Modulation of 5-HT activity in VPA-exposed offspring
The majority of the serotonergic neurons in the brain are clustered along the midline of the brainstem in the rostral and caudal raphe nuclei. As a rate-limiting enzyme in 5-HT biosynthesis, TPH expression indirectly reflects the functional activity of serotonergic neurons. Around ED 12 neuronal progenitor cells begin to express 5-HT, first in the rostral cluster and then in the caudal cluster (Wallace and Lauder, 1983; Lauder, 1990 ). In the current study, we measured the populations of TPH-ir neurons in the DRN and RMN, which represent the serotonergic neurons of the rostral and caudal raphe nuclei, respectively. As the results demonstrated, stronger TPH-ir neurites in both nuclei was observed in the VPA-exposed group as compared with the saline offspring (Fig. 1a, b, d , e ). At the same time, a significant increase in the number of TPH-ir neurons was observed in the RMN but not the DRN of the VPA-exposed groups (Fig. 1c, f) . These results may indicate the change of 5-HT activity in VPA-exposed offspring.
5-HT transporter availability in the amygdala
We measured the amygdala SERT availability in the VPA-exposed rats in vivo. Using the radioligand [ 123 I] ADAM and small-animal SPECT, the SBR in both sides of the amygdala were calculated. The trans-axial sections of the SPECT/CT images of the amygdala and cerebellum are displayed in Fig. 2a . The calculated SBRs are displayed in a bar chart in Fig. 2b . The results showed that the increase of [ 123 I]ADAM uptake in the amygdala was significant in the VPA-exposed offspring, as observed in the images.
The effect of 5-HT 1A agonist 8-OH-DPAT on social behavioral-and amygdala-associated behaviors
We first used the open field test to assess the potential adverse effect of 8-OH-DAPT on the animal locomotion activity (Lin et al., 2013) , and the results showed that the total distance moved was not significantly different between VPA-exposed offspring administered with either saline or 8-OH-DPAT (VPA/vehicle: 3386 ± 277.1; VPA/8-OH-DPAT: 3657 ± 311.3, n = 12 in each group, p = 0.68). For social behavior, the VPA-exposed offspring (n = 12) exhibited a lower duration ( Fig. 3a) and lower frequency (Fig. 3b) of social interaction as compared with the saline-exposed offspring (n = 12), consistent with our previous finding (duration, p < 0.001; frequency, p < 0.001, MannWhitney U test). To survey whether the inhibitory effect of a 5-HT 1A agonist could modulate the behaviors that likely involve amygdala processing in the male VPA-exposed offspring, we systemically treated the rats with 8-OH-DPAT, a 5-HT 1A agonist, for 7 d.
Results showed that VPA-exposed offspring treated with 8-OH-DPAT (VPA/8-OH-DPAT offspring) has higher social interactions than VPA-exposed offspring treated with saline (VPA/vehicle) (duration: F 3,44 = 9.45, p < 0.05; frequency: F 3,44 = 7.55, p < 0.05) (Fig. 3) . The results indicated that the impaired duration or frequency of social interaction in the VPA-exposed offspring could be reversed by 8-OH-DPAT. Thus, chronic treatment with a 5-HT 1A agonist could ameliorate the social interaction deficits in the VPA-exposed offspring.
We then examined the effect of the 5-HT 1A agonist in cue-dependent fear memory and extinction of fear memory using data representing amygdala-associated fear processing. The VPA-exposed offspring showed a higher freezing magnitude during tone 2 during acquisition of cue-dependent fear training. We then examined the effect of the 5-HT 1A agonist on the higher fear response in the VPA-exposed offspring. The basal freeze response was not significantly different between VPA-exposed offspring administered with either saline or 8-OH-DPAT (VPA/vehicle: 5.7 ± 1.9%; VPA/8-OH-DPAT: 3.9 ± 1.1%, n = 5 in each groups, p = 0.45). The results showed that the higher fear response in the VPA-exposed offspring was restored by were compared between the saline controls (a, d) and VPA-exposed (b, e) offspring (postnatal day 28). Graphs illustrate the average TPH-ir neuron number per section in the DRN (c) or RMN (f) in the saline controls and VPA-exposed offspring. Stronger TPH-ir neurites in both nuclei were observed in the VPA-exposed group compared with the saline offspring (Fig. 1a, b, d , e). There was a significant increase in the number of TPH-ir neurons observed in the RMN, but not the DRN, of the VPA-exposed groups (Fig. 1c, f ) (*p < 0.05, Mann-Whitney Rank Sum test). Scale bar: 0.1 mm. n = 4∼6. (Fig. 4a) . During the extinction session, the VPA-exposed offspring showed deficits in the extinction of fear memory. Chronic treatment with 8-OH-DPAT could normalize the fear memory extinction (day 1: F 3,124 = 9.95, p < 0.01; day 2: F 3,124 = 6.49, p < 0.05) (Fig. 4b) . To confirm the effect of the 5-HT 1A agonist specifically affecting amygdala-mediated fear processing in the male VPA-exposed offspring, we further tested the fear freezing response in the contextual fear memory. As shown in Fig. 4c , there were no differences in the magnitude of freezing between the saline-exposed, VPA-exposed and chronically 8-OH-DPAT-exposed groups (Fig. 4c) . Because contextual fear conditioning is dependent mainly upon the integrity of the hippocampus, while cue-dependent fear conditioning is dependent upon the basolateral amygdala, these results suggested that the 5-HT 1A agonist exerts a specific function on the behaviors that likely involve amygdala processing in the male VPA-exposed offspring. 
8-OH-DPAT
5-HT modulates amygdala synaptic activity in the VPA-exposed rats
The social behavior paradigm was performed for the dams before they were sacrificed for electrophysiological recordings. As shown in Fig. 5a , b, social behavior defects were rescued by treatment with 8-OH-DPAT in the VPA-exposed offspring group (duration: F 2,15 = 7.54, p < 0.05; frequency: F 2,15 = 13.31, p < 0.01, n = 6 in each group). Our previous study also showed that the LTP in the LA was significantly enhanced at the thalamicamygdala synapses. In addition, the presynaptic efficiency of synaptic transmission might be associated with hyperexcitibility and enhanced LTP. We then examined whether excitatory synaptic transmission was altered in the VPA-exposed offspring by recording the mEPSC (Fig. 5c-e) . Figure 5d shows that the VPA-exposed offspring exhibited significantly less amplitude of the mEPSCs than the VPA/8-OH-DPAT group (n = 6 in each group, p < 0.05). The animals chronically exposed with 8-OH-DPAT exhibited a reversal of the enhancement of the frequency of the mEPSCs in the VPA-exposed dams (Fig. 5e) . These data indicate that the 5-HT 1A agonist might modulate excitatory synaptic transmission in the male VPA-exposed offspring.
We further determined that the 5-HT 1A agonist mediated the regulation of presynaptic transmission. With reference to the social behavior paradigm, as shown in Fig. 6a, b , social behavior defects were rescued by treatment with 8-OH-DPAT in the VPA-exposed offspring group (duration: F 2,15 = 5.47, p < 0.05; frequency: F 2,15 = 6.15, p < 0.05, n = 6 in each group). Further, we analyzed the PPFs in the saline, VPA/vehicle and VPA/8-OH-DPAT groups. The PPF ratio was significantly increased after 8-OH-DPAT treatment (30 ms: 1.114 ± 0.04655; 60 ms: 1.068 ± 0.03355, n = 10 from 6 rats) as compared with the VPA-exposed with vehicle offspring (30 ms: 0.9313 ± 0.04114; 60 ms: 0.8990 ± 0.03647, n = 7 from 6 rats) (p < 0.001). Moreover, there was no difference in the PPFs ratio between VPA/8-OH-DPAT group with the saline-exposed offspring (30 ms: 1.195 ± 0.09092; 60 ms: 1.144 ± 0.06983, n = 6 from 6 rats) (Fig. 6 ). This result suggests that the 5-HT 1A agonist improved the social behavioral deficits at least in part by regulation of presynaptic excitatory neurotransmission.
Discussion
In the present study, through immunostaining of the serotonergic neurons with TPH, we found the change of TPH-ir neuron distribution in the brain stem raphe system in the VPA-induced rat ASD model. Regarding the interaction between the raphe system and the amygdala related to autism-like behavior, we then used [
123 I]ADAM and small-animal SPECT/CT to monitor the SERT availability in the amygdala, and found a significantly higher SERT availability in this area of developing male VPA-exposed offspring. This is the first in vivo report to show the change in the 5-HT system that occurs in a key brain region in the VPA-induced rat model of ASD. We further demonstrated that 8-OH-DPAT, a 5-HT 1A agonist, modulated both the LA-associated behaviors and electrophysiological features in VPA-exposed offspring. Taken together, these results provided evidence to support the potential role of 5-HT and the amygdala activity in the development and treatment of ASDs. Abnormal of serotonergic neuronal differentiation and migration during the developmental stage has been found after prenatal VPA exposure (Kuwagata et al., 2009; Dufour-Rainfray et al., 2010) . Previously, Miyazaki et al. reported that exposure of VPA to ED 9 rat embryo caused a dramatic shift of the 5-HT neuronal population to caudal location in the dorsal Fig. 3 . 8-OH-DPAT treatment improves social impairment in the valproate (VPA)-exposed offspring. The VPA-exposed offspring treated with 8-OH-DPAT (VPA/8-OH-DPAT) exhibited an increased duration (a) and frequency (b) compared with the VPA-exposed offspring and VPA-exposed offspring treated with vehicle (VPA/vehicle) in the social interaction test (***p < 0.001 vs. saline; # p < 0.05, ## p < 0.01, vs. VPA exposed offspring treatment with 8-OH-DPAT; saline, n = 12; VPA, n = 12; VPA/vehicle, n = 12; VPA/8-OH-DPAT, n = 12). raphe nucleus (Miyazaki et al., 2005 ). Here we also found an increased number of TPH-ir neuron and neurites in RMN, the caudal part of the raphe nuclei. Although the underlying mechanisms remain unclear, significantly different expression levels and distribution of early inducers of 5-HT neurons have been observed in VPA-exposed rat embryos (O'Rourke and Fudge, 2006) . Because VPA could act as a histone deacetylase inhibitor, the changes of 5-HT inducers might be associated with transient increase in acetylated histone levels after VPA exposure (Kataoka et al., 2013) . In addition, VPA could enhance . Increased amplitude in the lateral amygdale (LA) neurons in the valproate (VPA)-exposed offspring treated with 8-OH-DPAT, a 5-HT 1A agonist. The VPA-exposed offspring treated with 8-OH-DPAT (VPA/8-OH-DPAT) exhibited an increased duration (a) and frequency (b) as compared with the VPA-exposed offspring treated with vehicle (VPA/vehicle) in the social interaction test (*p < 0.05, **p < 0.01, ***p < 0.001 vs. VPA/vehicle; n = 6 in each group). (c) Sample traces of miniature excitatory postsynaptic currents (mEPSCs) taken from brain slices of saline (n = 13 from 6 rats), VPA/vehicle (n = 9 from 6 rats), and VPA/8-OH-DPAT offspring (n = 8 from 6 rats). The mEPSCs were recorded in the LA neurons at a holding potential of −70 mV in the presence of bicuculline (10 μM) and TTX (0.5 μM). (d and e) Plots of the average of the amplitude (d) and the frequency (e) of mEPSC in the saline, VPA/vehicle, and VPA/8-OH-DPAT offspring (*p < 0.05, **p < 0.01, ***p < 0.001; scale 200 ms, 50 pA). GABAergic transmission and block T-type calcium channels. In the future we would like to investigate if the transient effect on GABAergic transmission and calcium channels can change the activity-dependent neurotransmitter respecification during raphe formation (Root et al., 2008; Demarque and Spitzer, 2010; Spitzer, 2012) . The observed caudal raphe TPH-ir neuron distribution and amygdala SERT availability alteration could be significant in the etiology of ASD (Narita et al., 2002) . Interestingly, an increased immunoreactivity to SERT in post-mortem brains of young ASD donors has been reported (Azmitia et al., 2011) . It was found that these SERT immunoreactive varicose fine fibers were seen in target areas, including the globus pallidus, temporal cortex, and amygdala. In particular, evidence from neuro-imaging studies suggests that genetic variation in the 5-HT system affects the stress response through the critical brain circuitry that encompasses the DRN, ventromedial prefrontal cortex, and amygdala (Pezawas et al., 2005; Holmes, 2008) . The SERT genotypes could also contribute to alterations in the connectivity between the posterior and frontal portions of the brain default network that have been associated with ASD (Wiggins et al., 2012) . Genetic association studies have demonstrated that SERT variations contribute to cerebral cortical gray matter overgrowth and prefrontal cortex metabolism in ASD (Wassink et al., 2007; Endo et al., 2010) . Moreover, social dysfunction has been observed in transgenic rodent disease models involving SERT (Jones et al., 2010; Kalueff et al., 2010) . A transgenic mouse expressing the most common SERT variants showed enhanced 5-HT clearance rates, hyperserotonemia and 5-HT 1A receptor hypersensitivity, in addition to alterations in social function (Chang et al., 2012; Veenstra-VanderWeele, 2012) . On the other hand, increased socio-positive behavior was observed in SERT knockout mice (Lewejohann et al., 2010) . All these reports support that disturbed 5-HT homeostasis as a consequence of alternated SERT availability in critical brain regions might contribute to the social behavioral changes observed in offspring of VPAexposed dams.
In the present study we demonstrated that systemic treatment with 8-OH-DPAT enhanced social interaction and improved fear memory extinction in VPAexposed offspring. Previously, direct 8-OH-DPAT injection into the DRN has been shown to reduce anxiety levels in the social interaction paradigm (Picazo et al., 1995; Koprowska et al., 2002) . In addition, 5-HT input from the dorsal raphe has been recognized as a neurotransmitter that modulates the presynaptic balance in the LA through either its direct inhibitory effect on excitatory neurons or an activation effect on GABAergic neurons (Stutzmann and LeDoux, 1999) . According to the current results from electrophysiological recordings in the LA, we found that there was an increase in the amplitude and a decrease in the frequency of the mEPSCs in the LA from the brain slice of VPA/8-OH-DPAT. Moreover, the deficit of PPF in the LA of VPA/8-OH-DPAT could also be reversed. We know that the frequency of mEPSCs is a functional index of the number of glutamate release sites per cell, and the amplitude of mEPSCs is a measure of the strength of each site (Hsia et al., 1998; Zucker and Regehr, 2002) . Furthermore, evidence has shown that PPF, which is generally attributed to a presynaptic change in release probability, was increased during the reduction of EPSP (Cheng et al., 1998) . Taken together, our results indicate that 8-OH-DPAT treatment might modulate presynaptic glutamate release and hence change the associated behavior in VPA-exposed offspring. Two possible mechanisms could explain why 8-OH-DPAT treatment rescues the impaired social behavior and modulate amygdala glutamate release in the VPA-exposed offspring. First, 5-HT could modulate the principle neuron through activating the inhibitory interneurons in the amygdala. Therefore, the neuronal activity from sensory afferents would be inhibited and, hence, reduce glutamate release (Stutzmann and LeDoux, 1999) . Second, 5-HT might directly inhibit synaptic excitatory transmission in the principle amygdala neurons through its presynaptic mechanism (Cheng et al., 1998) . More importantly, the action of 8-OH-DPAT in the amygdala could be receptor-specific. Based on our data, the activation of the 5-HT 1A receptor is responsible for correcting the amygdala E/I imbalance, measured as mEPSCs and PPF ratio in the VPA-exposed offspring. A recent study also demonstrated that the selective activation of the 5-HT 7 receptor by 8-OH-DPAT could reverse metabotropic glutamate receptor-mediated synaptic plasticity in the hippocampus of a mice model of Fragile X syndrome (Costa et al., 2012) .
Although the underlying mechanisms of the amygdala excitatory/inhibitory imbalance remains unclear, based on our findings within the VPA-induced ASD model, medications that could correct the balance might be candidates for the treatment of ASD (Wang et al., 2012; Kim et al., 2013; Lin et al., 2013) . Current FDA-approved medicines for ASD have been approved for regulation of the dopamine and 5-HT systems (McDougle et al., 2005; McPheeters et al., 2011) . However, clinical studies have shown that treatment with specific 5-HT reuptake inhibitors for co-morbidities, including depression, anxiety and obsessive-compulsive behaviors, does not improve the core features of ASD (Bethea and Sikich, 2007; Williams et al., 2010) . There is also awareness of the dangers associated with 5-HT-induced activation and agitation in treating ASD (Kolevzon et al., 2006) . In contrast to the above results, our experiments showed that systemic 5-HT 1A agonist treatment could enhance social interaction in the model rats. The discrepancy in the 5-HT effect might arise from the receptor-specific effect (Bruins Slot et al., 2008; Gould et al., 2011) . For example, in the basolateral amygdala, the dual effect of 5-HT on excitatory synaptic transmission was observed through its early depression of synaptic transmission mediated by 5-HT 1A and late facilitation mediated by 5-HT 4 receptors (Huang and Kandel, 2007) .
Taking the results of the behavioral tests, electrophysiology tests, and molecular imaging together, this study supports the potential role of the amygdala and the 5-HT system in the regulation of social interaction in a VPA-induced ASD model. Identification of factors that disturb 5-HT homeostasis during critical developmental ages would give us the opportunity to understand more about genetic and environmental susceptibility in ASD (Veenstra-VanderWeele, 2012) . Further development of interventions through combining receptor-specific pharmacologic treatment, behavior modification, and brain region-specific stimulation to modulate the activity of the cortical-amygdala pathway might shed light on the treatment of the core symptoms of ASD.
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